The use of an optical oxygen sensor to measure dissolved oxygen in seawater was investigated. The sensor is based on the dynamic quenching of an oxygen-sensitive fluorochrome embedded in the tip. Dissolved oxygen in seawater samples collected from eight stations at depths ranging from 3000 to 6000 m was analyzed both with the optical sensor and by the Winkler titration method. The two sets of data did not differ significantly. The stability and simplicity of the method and the good agreement of the results with those of the titration method indicate that the sensor would be useful for fieldwork.
fier. The fluorescent dye is immobilized in the tip, which is placed directly in the sample to be measured (Fig. 1) . The intensity of the fluorescence emitted depends on the oxygen concentration. This technique has been applied to sediment samples (Klimant et al., 1995) , microbial cultures under high pressure (Stokes and Somero, 1999) , and bioreactors (Voraberger et al., 2001) . Commercial models are now available from several companies, such as the Oxygen Optode (Aanderaa Instruments, Norway), FOXY Fiber Optic Oxygen Sensor (Ocean Optics, USA), and FOX 5000 series (ASR, Japan). Owing to the simplicity and stability of the sensor, it can at least partly overcome the problems inherent to the Winkler and oxygen electrode methods. However, the applicability of the sensor to oceanographic work has not been reported hitherto.
Our ultimate goal is to develop a CTD device equipped with an optical oxygen sensor. As an initial step, we examined the applicability of this sensor type for measuring DO in seawater. Water samples were collected vertically at open-ocean stations and were analyzed both with the optical sensor and by the Winkler method.
Materials and Methods
Seawater samples were collected in Niskin bottles at eight stations during the KH-95-2 cruise of R/V Hakuho Maru (Ocean Research Institute, The University of Tokyo) in 1995 (Table 1) to the West and South Pacific. Vertical samplings were accomplished with a CTD-Carousel sampler SBE32 (Sea-Bird, USA) with simultaneous measurements of temperature and salinity, which were used to calibrate the saturation level of DO. DO was mea-
Introduction
In the oceans, the level of dissolved oxygen (DO), which is involved both biotic and abiotic chemical reactions, fluctuates depending on gas exchange between the surface and the atmosphere and on biological processes, such as oxygen production by primary producers and consumption by heterotrophic organisms, categories that include virtually all living organisms. The monitoring of DO is essential to clarify these biological processes.
DO is generally measured either by the Winkler titration method (Winkler, 1888) or with an oxygen electrode, but both methods have inherent problems. Although titration has been regarded as the standard method, it is rather tedious and time-consuming, even when used in combination with photometric endpoint detection (Williams and Jenkinson, 1982; Furuya and Harada, 1995) . Furthermore, because the sensitivity of the method is low, approximately 100 mL of seawater is required.
Oxygen electrodes (polarographic or Clark-type) are much simpler and are widely used for continuous monitoring (e.g., Atkinson et al., 1995) . However, the sensor is not always stable, and instrumental drift is inevitable. Frequent calibration is necessary to obtain reliable data (Emerson et al., 2002) .
Optical oxygen sensors based on the dynamic quenching of a fluorescent dye were developed more than two decades ago (Peterson et al., 1984) . These sensors generally comprise a sensor tip, optical fibers, an exciting light source, a photomultiplier, and a signal ampli-sured on board both by the Winkler method and with the optical sensor.
From the Niskin sampler bottle (12L volume), subsamples were removed for the Winkler titration and for salinity determination. The whole sampler bottle was then used for analysis with the optical oxygen sensor, FOX 5000A (ASR, Japan), which measures the partial pressure of oxygen (%O 2 ) in the ambient water near the sensor tip (Fig. 1) . A fluorescent dye, decacyclene, is embedded at the tip. The sensor tip was inserted directly into the bottom of the bottle and left for approximately 20 min to ensure equilibrium between the inside and the outside of the tip. The preliminary observation made on board indicated that the apparent oxygen concentration data became constant after 2-30 min. Care was taken to cover the top of the bottle with a black cover to prevent possible effects of ambient light. Temperature and degree of saturation were directly measured with the FOX 5000A sensor. A platinum thin-film temperature sensor is housed in the sensor probe at c.a. 20 mm from the tip. The instrument was calibrated before water was collected at each station, although we found the sensor to be quite stable in our preliminary work. For zero adjustment, we used carbonic water through which nitrogen gas had been bubbled for at least 30 min.
The main body of the FOX 5000A contains the excitation light source and photomultiplier (Fig. 1) . The excitation light is transferred from the main body to the sensor tip through an optical fiber cable. The manufacturer guarantees that the unit will function normally within a pH range of 2-10 and a temperature range of 0-150°C. The instrumental drift over a week was less than 0.2%. The instrument converts the fluorescence to a %O 2 value as follows. At oxygen concentrations of 0-50%, the fluorescent intensity, which is given as the voltage from the photomultiplier, increases linearly with oxygen concentration. Therefore, %O 2 concentration can be obtained by the following equation: %O 2 = 15 000(E m -E 0 )/64.8(E 0 × E m ) Fig. 1 . Schematic of the FOX 5000A sensor. 
where E p is the apparent O 2 %, K a is the temperature-voltage coefficient in air, K 0 is the temperature-voltage coefficient in the absence of O 2 , and t a is the ambient temperature as °C. For the Winkler method, a photometric endpoint detector (ARI-3, Hirama Rika, Japan) was used. Salinity was determined with a salinometer (Autosal, Model 8400A). Statistical analyses were done with SPSS for Windows (Release 10.0 SPSS Inc., Chicago, IL, USA).
Results and Discussion
The vertical DO profiles obtained with the optical oxygen sensor agreed well with those obtained by the Winkler titration method at all eight stations (Fig. 2) ; at no station was there any significant difference between the two sets of data (SPSS, Wilcoxon test, p < 0.05). However, the titration method showed slightly higher values at Sts. 24 and 69. This tendency was clearer in the surface layers.
When all the data were plotted (Fig. 3) , the following linear regression was obtained: Y = 0.948X + 0.035 (r 2 = 0.98). Omitted from this figure are three points that clearly deviated from the line, probably owing to technical problems with the titration method. The fact that the slope was less than 1 indicates that the oxygen sensor tended to give slightly lower values than the titration method, especially in the surface layers. There are several possible explanations for this tendency. First, because the lid of the Niskin bottle was kept slightly open during measurement with the oxygen sensor, some dissolved oxygen may have been released during the measurement. Although we did not confirm this possibility, it seems unlikely, because the sensor was placed at the bottom of the Niskin bottle. In addition, the oxygen concentrations in all the sample bottles were below the saturation level.
Second, the dissolved oxygen may have been consumed by microbial dark respiration during the measurement. Again, this seems unlikely, because plankton respiration rates in the ocean are approximately 100 nM O 2 L -1 h -1 , which is less than 0.1% of DO, which is undetectable within such a short incubation time (Biddanda and Benner, 1997; Robinson et al., 2002) .
Third, improper calibration of the sensor may have caused the deviation, especially if the zero adjustment was not properly done. Although this possibility cannot be ruled out, there was no indication that this caused significant underestimation.
Fourth, the introduction of oxygen into the Winkler titration bottles during water sampling might cause overestimation. However, if this had occurred, it should have occurred randomly at all depths, but a random pattern of overestimation was not observed in any of the profiles (Fig. 2) .
Fifth, if oxygen levels were not homogeneous in the water column, there may have been apparent differences between the two methods. The optical sensor measures the concentration after the oxygen diffuses into the sensor tip and reaches equilibrium with the concentration outside the tip. Therefore, the sensor detects the average concentration of free oxygen in the small water mass near the tip. In contrast, the Winkler method, in principle, measures all the oxygen present in the 100-mL seawater sample, as long as the oxygen is sampled, fixed and measured properly without any loss. If there were any local variations in oxygen content in the seawater, the results of the two methods could be expected to deviate. Further work is needed to determine the effects of these factors.
The optical oxygen sensor has several advantages over the Winkler method and polarographic electrodes. The sensor is easy to operate and applicable to liquid, gas, or sediments. It is generally stable: in our preliminary tests, once the sensor was calibrated, the error range was maintained less than 1% for at least 3 months continuous monitoring. Unlike polarographic electrodes, the sensor does not chemically consume any oxygen.
However, the sensor does have several disadvantages. The measurements take time because oxygen must diffuse through the membrane of the tip: for FOX 5000A, diffusion occurs in less than 2 min. However, we have developed a model with a response time of approximately 10 s. In addition, the resolution of the FOX 5000A sensor is not high enough: the data obtained is accurate to three digits. Theoretically, higher resolution can be simply attained by the data processing and value indication.
In conclusion, the DO data obtained for seawater obtained with the fluorescent optical sensor agreed with those obtained by the Winkler method, which indicates that the sensor produced reliable information regardless of the location and depth. We are working on developing a tip with a shorter response time and greater stability in deep-sea environments.
